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Cobalt Molybdate Catalyst

Contact Time

Conversion

Cracked

Crude Shale Hydrotreater
Centistoke

Cooling Water
Activation Fnergy
End Point in a Distillation

Equilibrium Super DX - a cracking catalyst
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ABBREVIATIONS (CONT'D)

EXTD Extracted
PN
i o Degrees Fahrenheit
b FCC Fluid Catalytic Cracker
FCR Fluid Catalytic Reactor
Fe Iron
FI Flow Indicator
FIA Fluorescent Indicator Adsorption - Test

Method to Determine Hydrocarbon Types

g Gram
GC Guardcase Hydrotreater
GC-1 Guardcase Study on In Situ Shale 0il
Gms Grams
Hp Hydrogen
HC Hydrocarbon
HC/N Ratio of Hydrocarbons to Nitrogen
; Hg Mercury
i Hr or hr Hours
d Hr~1l or Inverse Hours
: ) hr-1
. HeS Hydrogen Sulfide
Hydrog. Hydrogenated
]
0
‘ xix
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ABBREVIATIONS (CONT'D)
%
IBP Initial Boiling Point
2 I.D. Inside Diameter .
' in Inches
) .
,' }
JpP-4 Military Specification MIL-T-5624K Turbine
; ! Fuel
} i Jp=5 Military Specification MIL-T-5624H Turbine
s i Fuel
| Jp=7 Military Specification MIL-T-38219 Turbine
; ! Fuel
! Jp-8 Military Specification MIL-T-83133 Turbine
{ Fuel
Ko Rate Constant
1b Pound
LCO Light Cycle 0il
LHSV Liquid Hourly Space Velocity
LPG Liquefied Petroleum Gas
. LVs Liquid Volume Percent
B MAT Microactivity Test
,J{f MAV Maleic Anhydride Value
- MAX Maximum
mg Milligram
| MIN or min Minimum
‘ min Minute
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ml

MT'L

Ni/Mo or
NiMo

NO.
NOy

n-PARAFFIN

0
ON SPEC

oxXy

(P + N)
PHO

ABBREVIATIONS (CONT'D)

Milliliter
Millimeter

Material

Nitrogen

Nitrogen in Feed
Nitrogen in Product
Sodium Ion

Sodium Carbonate
Sodium Hydroxide
Ammonia

Nickel

Nickel Molybdate Catalyst

Number
Oxides of Nitrogen

Normal Paraffin

Olefins

Meeting Specifications

Test Series on In Situ Shale 0il

Pressure

Paraffins and Naphthenes

Test Series on Above~Ground Shale 0il

xxi




- ——

PI

PID

1 Controller

ppb
ppm
psia

PSIG or psig

ABBREVIATIONS (CONT'D)

Pressure Indicator

Proportional-Integral-Derivative Controller

Parts per Billion
Parts per Million
Pounds of Force per Square Inch Absolute

Pounds of Force per Square Inch Gauge

Pt/Al Platinum/Aluminum Catalyst
; Pt/Re Platinum/Rhenium Catalyst

{ PV Parameter Variation
R Gas Constant
°R Degrees Rankine
RAFF Raffinate
RAMS C Ramsbottom Carbon
RCVY Recovery
R&D Research & Development
REF Reformer
REGEN Regenerator Section of FCC
RVP Reid Vapor Pressure
(] Sulfur
SAT Saturates
SCFB Standard Cubic Feet per Barrel
SCFH Standard Cubic Feet per Hour
SIM-D Simulated Distillation
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SR
SSs
SU or SUS

TBP
TEMP or t

TIC

{ VIS
VOL

VOl %

WHSV

WT &, 8 W,
or %8 WT

ABBREVIATIONS (CONT'D)

Straight Run
Stainless Steel

Saybolt Universal Seconds

True Boiling Point
Temperature

Temperature Indicator and Controller

Vanadium
Viscosity
Volume

Volume Percent

Work Breakdown Structure
Weight Hourly Space Velocity
Weight

Weight Percent
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SYMBOLS

' = Equals
‘ L)
. + Positive, plus, or greater than as in 600°F+
! - Negative, minus, or less than as in =-600°F v
) 3 Percent
i > Greater Than
f < Less Than
| . Inches
. # Number or Pound
i
A Difference
+
H
-
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o
: K}
3
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SUMMARY

Two whole crude shale oils have been characterized in
terms of processability via the FEXTRACTACRACKING process.
Studies encompassing hydrotreating, fluid catalytic crack-
ing, extraction, and other upgrading steps were accompli-
shed in a manner which provided a broad data matrix for use
in computer optimization.

During this program, finished samples of shale-derived
turbine fuels targeted to the specifications for JP-4,
JP-5, and JP-8 were prepared in addition to a combined
JpP-4/JP-8 type of fuel. These samples were provided with a
range of aromatics content and freeze point, demonstrating

the flexibility of this process.

XXv
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SECTION I

INTRODUCTION

The traditional source of aviation fuels has been
the refining of petroleum crude oil. In recent years, the
consumption of petroleum products in the United States has
exceeded our country's discoverv and development of new oil
production. The lessening world supply of crude oil, the
increased cost of this crude oil, and specifically the de-
pendence of the United States on foreign oil sources were
vividly demonstrated during the Arab oil embargo in 1973,
as well as the 1979 Iranian crisis. All of these condi-
tions served to emphasize the need for the development of
new enerqy sources within the United States to ensure a
continued national energy supply.

A secure and reliable supply of military fuels is
essential for our national defense. The Department of
Defense and the Department of Enerqy have set into motion
programs for the development of fuels from the coal and oil
shale reserves located in the Uﬁited States. Research and
Development efforts have shown that oil derived from shale
presents one of the hest potential alternate sources of
military jet fuels(l), Clearly, the incentive to attain

gself~sufficiency in aviation turhine fuels is great,
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Ashland Research and Development Department of Ashland
Petroleum Company has been awarded Contract No. F33615-78-
C-2080 to provide sample quantities of aviation turbine
fuel, i.e., JP-4 and JP-8, derived from crude shale oil
feedstocks for testing and evaluation in programs sponsored
by the Aero Propulsion Laboratory (APL) and other partici-
pating government laboratories. In order to ascertain the
effect of fuel characteristics on equipment components,
fuel samples will be produced which will represent possible
fuel variations attainable from specified shale oil
feedstocks.

Technical work required under this research and devel-
opment program is concerned with the production of sample
quantities of fuels by processes having the potential for
scale-up. The processes used to convert whole crude shale
oil into military fuels are to be optimized to produce high
yields of aviation turbine fuels, type JP-4 or JP-8. 1t is
desired that the process scheme in this research effort
be based on the application of promising new refining
concepts for incrgased efficiency and economy,

There are prescribed goals to be pursued under this
program., Samples of military fuels shall be provided of
various qualities representing fuels which can be econom-
ically produced from raw shale oil by methods which shall
he disclosed to the Air Force. A complete model of the

processing method will be developed to project economic

— e it e 2.




data based on final capacities. This shall represent
throughputs which will minimize product costs and maximize
overall plant thermal efficiency. One major goal is to
present a processing method having a minimum overall effi~-
ciency of seventy percent. This enerqgy efficiency shall be
hased on crude charge, product yield and utility consump-
tions, including the hydrogen consumption. Finally, a pro-
cessing method is desired which produces a full slate of
military transportation fuels. This slate of fuels shall
include motor gasoline, aviation turbine fuels (qrade JP-4
or JP-8 and grade JP-5), diesel fuel, diesel fuel marine
and residual fuel products. The yvields of residual fuel
shall be limited to no more than ten percent of the product
slate while maximizing the yield of aviation turbine fuel,
grade JP-4 or JP=-8.

This program is divided into four phases. The objec-
tive of the completed initial rhase, or Phase I, was di-
rected at the preparation of an overall processing method
for the efficient and economic upqrading of whole crude
shale oil. The recently completed second phase required
that up to five 500-ml samples of various aviation turbine
fuels be produced for evaluation at AFWAL. This phase in-
cluded two tasks. Task I was directed at evaluating the
effect of operating conditions on material quality and
energy balances and on product compositions and economics.

Task Il was directed at producing 500-ml samples by these




unit operations. Phase III, which is underway at present,
is aimed at: (1) confirming final process design esti-
mates proposed in Phase I and (2) producing sample lots of
turbine fuel for aircraft component performance evalua-

| tions. Finally, Phase IV is an overall optimization study

P involving computer modeling of shale o0il upgrading.

Production of military aviation turbine fuels from

whole crude shale oil represents an exciting, challenging
research area for the technical community. Although a
multitude of problems may be encountered, Ashland feels
that these problems can be solved and the goal of aviation

* fuel production achieved. A proprietary processing plan
to achieve this goal has been developed by Ashland Petro-
leum Research through in-house research on synthetic
fuels. The EXTRACTACRACKING process is a combination of

i refining steps which were specifically designed to econo-

mically refine shale oils into JP-4 and JP-8 type fuels.

The approach taken by this process on whole crude
shale o0il was to refine crude shale oil by a combination
of hydrotreating, extraction and fluid catalytic cracking

(FCC) steps into streams demonstrating the desired physi-

- cal and chemical characteristics required for finished
fuels, Final product treatment steps, such as reforming
and hydrotreating, were provided for the production of

specification fuels.
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SUMMARY OF PHASE I RESULTS

Phase I of this program commenced on February 15, 1979
and was completed on June 15, 1979. The primary objective
of the Phase I program was to perform a preliminary process
analysis. The work was directed at the description of an
overall processing method based on the application of new
and promising concepts for the efficient and economic up-~
grading of whole crude shale o0il. This preliminary process
was aimed at demonstrating technical, as well as economic,
process feasibility. Under this phase, two overall pro-
cessing methods were explored: one method producing JP-4
type aviation turbine fuel, the other method producing JP-8
type aviation turbine fuel, Work accomplished under this
phase included:

® Schematics of the qualitative process flow diagrams
indicating the flow of materials, the unit process
operations involved, the apparatus necessary and
special information on such operating conditions as
temperature, pressure, and liquid hourly space velo-
city (LHSV).

® Schematics of the quantitative flow diagrams showing
the quantities of material for each processor unit
operation,

® Schematic drawings of equipment indicating the speci-
fied size or capacity of each piece of process equip-

ment and its material(s) of construction.
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® preliminary estimates of the economics, product guali-
ties and product yields.

® Determine the quantity of shale oil required to com-
plete the full program. As a result of this study, we
were supplied 14 drums of Paraho crude shale oil and

96 drums of in situ shale oil.

® prepare preliminary process optimization and computer
models.

The results of this study(2) show that the EXTRACTA-
CRACKING process efficiently addresses the problems encoun-
tered in processing shale oil to jet fuel. The process
follows a scheme which maximizes jet fuel production and
allows flexibility in meeting final product specifications
and yield structure.

Objectives of the process were fully met in this ana-
lysis. The quantity of jet fuel (JP-8) was maximized at
62.3% (vol.) of the product slate. This corresponds to
54.4% (vol.) of the shale o0il charged. Gasoline, another
prime product, was 32.08 (vol.) of the product slate, which
is 28.0% (vol.) of the shale oil feed. Burner fuel was
minimized at 5.7% (vol.) of product slate and 5.0% {vol.)
of shale oil feed. Recovery of prime products based on
shale oil feed was B87.4% (vol.). The prime product slate
is outlined in Table I-1l, with an overall recovery of 95%
{vol.) of shale o0il charge when all products are included.

Inspections of prime products indicate military fuel

specifications should be met or exceeded. Gasoline, JP-8




TARLE I-1

OVERALL MILITARY FUEL YIELDS

’ JP-8 EXTRACTACRACKING

‘ VOLUME
! $ OF VOLUME
PRIME % OF
, BPD PRODUCTS FEED
{ GASOLINE 27,986 32.0 28.0
Jp-8 54,444 62.3 54.4
BURNER FUEL 4,997 5.7 5.0
TOTAL 87,427 100.0 87.4

BASIS: 100,090 BPD CRUDE IN SITU SHALE OIL CHARGE

-7-




or JP~4 turbine fuel, and burner fuel military specifica-
tions were calculated to be met or exceeded in all cases.

Since the EXTRACTACRACKING process contains a great
degree of flexibility, properties can be easily adjusted
according to the desired specification range. As an ex-
ample, if turbine fuel aromatic content specifications
are altered in the future, the process can be adjusted to
produce the desired product at a lower cost. Freeze point
also can be adjusted to meet the desired specification.

These results, along with the tailored distillation
range, showcase the ability of the EXTRACTACRACKING process
to produce both JP-8 and JP-4 and to meet any future mili-
tary specification fuels which would be desired.

Finally, economic results from the Phase I study indi-
cate that the cost of producing prime military fuels would
be at least competitive with published results(3), and de-
monstrate a strong potential for increased cost effective-
ness., Cost distribution for products from EXTRACTACRACKING,
as estimated during Phase I, is shown in Table I-2. As is
common for synthetic fuels plants, the primary input cost
factors are feedstock and capital. These items made up
over ninety percent of the total finished product cost.

Results from this Phase I study were utilized to de-
fine uncertainties in the calculation and isolate particu-
lar areas for attention during Phase II. Section II de-
scribes the overall EXTRACTACRACKING concept, and the fol-

lowing sections describe the Phase Il experimental efforts.
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TABLE I-2

PRODUCT COST DISTRIBUTION

JP-8 EXTRACTACRACKING

PHASE 1

ITEM PERCENT OF TOTAL COST

STARTUP

WORKING CAPITAL

UTILITIES

LABOR AND OVERHEAD

BY-PRODUCTS

CAPITAL

FEEDSTOCK

0.2

4.4

4.5

(5.1)

21.6

72.8
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h SECTION II

PROCESS DESCRIPTIONM

BACKGROUND
The EXTRACTACRACKING process is the outgrowth of many
years of proprietary research into refining of petroleum

as well as synthetic liquids. Classically, any process

e e ——_— o a——— s
<

used for conversion of synthetic materials into a conven~

tional fuel product slate has suffered from two major draw-

. backs: (1) the refining technology used was essentially
conventional petroleum refining operations requiring ini-

{ tial conversion of the synthetic material into a petroleum-

like stream and (2) conventional product slates and proper-

; ties have evolved over many years, in great part due to the
characteristics of petroleum rather than any inherent ad-

; vantage to the specific result attained. The EXTRACTA-
CRACKING process was designed in particular to address
these problems, and, while item (2) is a constraint not
easily modified, maximization of the use of natural

boiling-range products is used in that area to improve the

- process efficiency.
< Shale o0il refining has received a tremendous amount
Pt

of attention in previous years. In fact, the primary con-

straint to the use of oil shale resources will probably be

production and transportation of the crude shale oil rather




than any required refining modifications. Refining tech-
nology is available, although the required equipment may
not be, for producing finished fuel products from raw shale
oil.

The status of present shale o0il refining technology
may bhe classified into three key processing areas: delayed
coking, hydrocracking, and fluid cracking. The key proces-
sing area for each of these methods has invariably been
high severity hydrotreating, either prior to or after the
conversion step. Each of these methods has negative fea-
tures, particularly in an economic sense. Delayed coking
produces a relatively high yield of low or zero value coke
product. Hydrocracking provides high yields of products,
but at high capital and operating cost. Fluid cracking may
suffer from catalyst poisoning by high levels of basic ni-
trogen compounds, although published work is relatively
sparse in this area. In each of these areas, the high cost
of the (assumed) requirement of concurrent high severity
hydrotreating is a negative factor.

Each of these areas was examined in detail during de-
velopment of the EXTRACTACRACKING process. In some cases,
it has been necessary, or at least desirable, to discard
conventional petroleum processing philosophies in order to
more accurately develop an improved shale o0il refining

process.
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PROCESS ORJECTIVES

Review of the technical literature, and a significant
quantity of proprietary research, has led to the conclusion
that new, novel processing is both necessary and desirable
for improved refining of shale o0il., Again, the point must
be emphasized that, given proper equipment capabilities and
an adequate source of capital, the generic processing
schemes described above are, in all probability, viable
technical methods of converting crude shale o0il to finished
fuels. However, processing shale oil under petroleum pro-
cessing constraints places a severe penalty on this mate-
rial as a fuels feedstock.

With these factors in mind, the following objectives
for developing a new shale oil refining process were
delineated:

"Provide an overall processing method for conversion

of whole crude shale o0il into finished, conventional

fuels. The process should be capable of efficient
operation on a wide range of shale feedstocks, in
particular both in situ and above-~ground retorted
materials. Specific problems inherent to shale oil
must be directly addressed, and the overall philosophy
should be to take advantage of shale oil's differing

character from netroleum, rather than accepting a

penalty for that difference."

In all cases, implicit constraints within these
objectives are that the process be technicallv viable, as

well as economically competitive with other alternative

methods.

-12-




PROCESS DESIGN CRITERIA

As the first step towards meeting these objectives,
the key properties of several crude shale oils were defined.
Table II-1 demonstrates an open literature comparison
of these properties{(4), Further, since we have at least
implied that conventional refineries are generally unac-
ceptable for refining of crude shale oils, these data were
compared to petroleum stocks such as those shown in Table
11-2(5), Comparison of these data, and generalization of
specific source characteristics, led directly to a relati-
vely concise statement of the problems involved as shown in
Table II-3 and discussed below,

When compared with conventional petroleum stocks,
shale oil is high in heteroatom (sulfur, nitrogen and oxy-
gen) content. Sulfur may or may not be considered a major
problem, as the levels demonstrated may bhe equivalent to or
lower than specific petroleum materials. As a minimum, how-
ever, the sulfur contents are of a magnitude which require
removal prior to use of the finished fuels. FExtremely high
oxygen contents are routinely exhibited by shale oils.
While oxygen also may or may not present a major problem to
shale oil refiners, specific design requirements addressing
its concurrent removal and/or handling must be factored into
any successful processing method. Finally, and of most con~

cern, shale oils exhibit very high nitrogen content. When

-13-




TABLE II-l

' T .
}
1

L 4

PROPERTIES OF SHALE OILS FROM

DIFFERENT RETORTING PROCESSES(1)

Gravity, °API
Sulfur, Wt. %
Mercaptan Sulfur, ppm,
Nitrogen, Wt. %
Pour Point, °F
{ Salt Content, PTB

Viscosity, cSt

5 @ 100°F

i @ 122°F

IBP-302°F

302-401°F -
401-650°F

650-1050°F
>1050°F

Fraction Yields, Volume Percent

Paraho Tosco
19.3 21.0
0.71 0.67.

56 47
2.00 1.85
85 70
0.9 -
78.5 27.1
42.6 -
0 6.3
1.5 8.1
23.4 20.6
66.1 47.4
9.0 17.6

-14~

Garrett

25.0
0.64
39
1.30
50
1.0

15.8
9.93

1.0
3.7
41.1
49.7

.
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TABLE II-3

MAJOR PROBLEMS IN SHALE OIL PROCESSING

® NITROGEN ® CONJUGATED DIOLEFINS
: ® OXYGEN ® METALS
® SULFUR ® TRAMP METALS AND FINES

' FROM RETORTING

® ARSENIC

TV PR

® NORMAL PARAFFINS BOILING RANGE DISTRIBUTION

-16-
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evaluated in terms of conventional refining, nitrogen is a
severe poison for many refinery catalysts. In terms of a
finished fuel, nitrogen levels are also required to bhe low
to minimize NOy emissions during combustion.

Other elements, in particular the metallic inclusions,
are important in shale o0il refining, Arsenic is of con-
cern, specifically due to potential health hazards, as well
as its known poisoning effect on many refining catalysts.
Iron, nickel and vanadium are also present in shale oil to
an extent that specific attention must be addressed to
their removal prior to processing over catalysts sensitive

f to those metals.

Since shale oil is produced from a solid material, oil
shale fines are commonly encountered. These fines possess
the potential for plugqgage of fixed catalyst beds, equip-
ment damage and/or catalyst deactivation. Further, the
specific production method used may increase expected

] metals content due to tramp iron inclusion, exacerbating

i the problems described above.

? The relative quantities of hydrocarbon types present

| in shale o0il differs markedly from those routinely encoun-
tered in crude petroleum streams. The normal paraffin con-
tent of the saturate fraction is uniquely high in shale
oil, presenting not only potentially high freeze or pour
points in the finished products, hut also requiring special
design and handling procedures to prevent wax crystalliza-

tion and/or gellation of the processing streams. Olefin
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and diolefin content of shale materials is also high, re-
sulting in high hydrogen consumption in any hydrotreating
step, as well as leading to a marked tendency towards coke
formation during initial heating steps.

Finally, the boiling range distribution of shale oils
is quite different from those encountered with petroleum,
Generally, shale oils are characterized by high percentage
yields of heavy gas oil materials, specifically those frac-
tions heavier than the high value, high demand light dis-
tillate products normally required. Alternatively stated,
the straight run yields of light distillate products are
inadequate to meet present market demand and require boil-
ing range conversion to a greater degree than most petro-
leum stocks.

These generalized characteristics of shale oils were
used as the foundation for specific process design of a
conceptually improved process. They are based primarily on
technical grounds and, as such, are of key importance to
any process. However, any successful process must satisfy
not only technical requirements, but also meet relative
economic constraints as well., Evaluation of the present
generation of shale oil refining processes indicates that,
in general, the major economic factors may be characterized
as capital and operating costs.

Capital costs are important because of the necessity

for investment prior to production and the associated capi-

tal recovery and equitable rate of return requirements over




the productive life of the asset., Previous processes have
demonstrated high capital costs due in large part to the
extremely high severities utilized, and in particular, the
use of large, high-pressure equipment. Reduction in both
vessel size and operating pressure requirements could re-
duce capital costs significantly.

The primary operating cost factor in shale oil proces-
sing has classically been hydrogen consumption, The neces-
sity or result of adding 2000 to 3000 standard cubic feet
of hydrogen per barrel of crude shale o0il has become a
routine datum in processing studies. Reduction of this
requirement should result in lower capital costs due to
smaller hydrogen generation facility requirements, as well
as lower operating severity, reduced capital costs as noted
above, in addition to reduced operating difficulties and
associated process downtime.

Consideration of these economic factors leads to a
further general philosophy in development of an improved
process: wherever possible, low-severity, relatively low
pressure processes should be used. Hydroprocessing should
be minimized, used only where alternative methods are not
viable, and for those cases where necessary should be
operated at minimum process severity.

Further factors, such as plant operability, offsites
and location are important in specific cases. The factors

discussed above, however, are items generally considered to

-19-
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be of key importance in shale oil refining, and have been

used in development of the EXTRACTACRACKING process.

THE EXTRACTACRACKING PROCESS

3 EXTRACTACRACKING is an integqgrated process specifically
i designed for conversion of non-conventional feedstocks into .
only finished, conventional products. 1In the configuration
addressed in this program, EXTRACTACRACKING directly addres-
ses the problems involved in shale oil refining described
| previously.
The process configuration evaluated in this program is
shown schematically in Fiqure II-1. Whole crude shale oil
{ is converted by a combination of hydrotreating, extraction
and fluid cracking steps into a crude distillate stream

demonstrating the desired boiling range characteristics, as

JRE P

well as the approximate physical and chemical characteris-~
2 tics required for finished fuel production. Final product
treating steps are provided as conceptually necessary for

L,- production of finished, on-specification fuels. Since the

overall objective of this program is production of an eco-

nomic maximum of aviation turbine fuels, the processing con-
figuration and conditions delineated herein have been de-
fined for that result. Table II-4 demonstrates the di: _ct
i" correlation between problems anticipated for shale o0il re-
- fining and the provision of specific processing modules in
this design. To define each of these modules further, a

step~by-step process description follows.

-20~
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TABLE II-4

EXTRACTACRACKING'S ANSWER TO SHALE

OIL REFINING PROBLEMS

® CRUDE SHALE HYDROTREATING
L FLUID CATALYTIC CRACKING
® LIQUID EXTRACTION

® GUARDCASE HYDROTREATING

® FREEZE POINT MODIFICATION

® FINAL PRODUCT TREATING

-22-

SULFUR, ARSENIC, OLEFINS

BOILING RANGE DISTRIBUTION

NITROGEN, OXYGEN

RESIDUAL AMOUNTS OF SULFUR,
NITROGEN, OXYGEN AND
ARSENIC

NORMAL PARAFFINS

CONVERSION OF ANY ITEM
REMAINING DELETFRIOUS TO
PRODUCT QUALITY
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SECTION 100 - CRUDE SHALE HYDROTREATER )

Whole crude shale o0il is provided from product tankage

| to the crude shale hydrotreater without pretreatment. In

v order to ensure a low water, low salt content material, the
crude shale is heated and processed through caustic desalt-

i ing similar to conventional technology. The desalted oil

is mixed with recycle plus make-up hydrogen, heated in a
feed/effluent heat exchanger and fired heater, and fed up-
flow to parallel guard bed reactors for arsenic removal.
The dearsenated o0il is heated to reaction conditions and
fed downflow to the hydrotreating reactor.

b { The hydrotreater effluent is passed through heat re-

covery and cooling exchangers and to a water-washed high

g pressure flash drum. Gas from the high pressure flash drum
1

is treated in an aqueous ethanolamine scrubber prior to re-
, cycle. The treated gas is then compressed and mixed with

make-up hydrogen for recycle. The water phase from the

high pressure flash drum, containing significant quantities
of ammonia and hydroaen sulfide, is meanwhile sent to the
gas plant for treating.
The hydrocarbon phase from the high pressure flash

- drum is processed through a low pressure flash drum, pre-
flash tower and atmospheric fractionator in a conventional
manner, The fuel gas produced is routed to the gas plant
for recovery and distillate and gas oil streams provided

| ‘ for further processing.
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The major elements of the crude shale hydrotreater are
the production of two low=-sulfur, low-metal, low-olefin
streams at a relatively low level of denitrogenation and

hydrogen consumption.

SECTION 200 - FLUID CATALYTIC CRACKING

The gas o0il produced in Section 100 is routed to the
fluid catalytic cracking (FCC) unit. The specific boiling
range provided to the FCC is dependent on the final product
streams desired. Due to the low preheat requirements of
this unit, and relatively high coke value encountered, feed
preheat may be accomplished entirely by feed/effluent ex-
change. Recycle from Section 400 (cycle o0il hydrotreater)
is also provided for minimization of residual fuel yields.

Feed is injected at the base of the FCC riser in inti-
mate contact with hot regenerated catalyst. Spent catalyst
and oil vapors are disengaged by ..2ans of high temperature
cyclones.

The spent catalyst first passes through a stripper/
standpipe, where residual hydrocarbon is recovered by steam
stripping, and then into the regenerator. Due to a relat-
ively high coke yield utilization of high regenerator tem-
peratures, high carbon monoxide (CO) production (limited
oxygen), and internal steam coils are required to maintain

heat balance., The flue gas is admixed with an adequate




e

quantity of fuel gas to sustain combustion and burned in a
CO boiler for control of CO emissions and production of
high quality steam.

The FCC unit provides the desired degree of boiling
range conversion necessary for maximum economic production
of gasoline and turbine fuel fractions. Of primary impor-
tance, the unit accomplishes this conversion at low pres-
sure (~25-30 psiqg) with no external hydrogen source. Fur-
ther, FCC units in general have been shown to be effective
means of desulfurization and denitrogenation, or at least
provide selective redistribution of the original heteroatom
contents. This module, including, in particular the capa-
bility of processing high nitrogen feedstocks, is one major
key to success of the process.

0il vapors from the reactor cyclones are processed
through heat recovery, preflash tower and atmospheric dis-
tillation., Precise fractionation is not provided. The
total gas stream is sent to the gas plant and again, dis-

tillate and gas oil (cycle oil) streams are produced.

SECTION 300 - EXTRACTION

The basic EXTRACTACRACKING technology package contains
processing modules capable of both nitrogen and oxygen com-
pound extraction. However, after evaluation of pertinent
data available on crude and converted shale oil streams, it
has been determined that the oxygen extraction sequence is

undesirable under present design conditions,
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In the extraction section, chemical treatment of the
combined distillate streams from the crude shale hydrotrea-

ter and FCC units is accomplished in such a manner that a

treated naphtha plus distillate, a nitrogen extract, and a .

2 ! marketable by-product are produced. Countercurrent con-
tacting, plus proper operation of previous plant sections,
allows up to 80 to 90 percent denitrogenation to be accom-
plished based on feed/raffinate nitrogen levels.

The extraction section, and its interdependent rela-
tionship to prior operations, is the second major key to
the EXTRACTACRACKING process. No hydrogen is used in this

{ section, nor is high pressure equipment required. Further,
by proper adjustment of the conditions in Sections 100, 200
and 300, high percentage nitrogen removal can be accom-

plished without hydrogen consumption, while concurrently

i producing a relatively small by-product extract stream.
These three sections comprise the major conversion and
clean-up steps of the process. Major products at this
point are a low-nitrogen, low-sulfur gasoline plus turbine
or diesel fuel stream, and a moderate~nitrogen, low=-sulfur
fuel oil stream. If required, operating conditions may be
. modified to produce essentially no heavy fuel.
In some circumstances, the products from these three
sections could be provided to an existing refinery for con-

current petroleum/shale oil processing. The alternative,

. ) described below, is to further process these products in

the unique EXTRACTACRACKING product treating sections.

~26~
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SECTION 400 - CYCLE OIL HYDROTREATER

Bottoms from the FCC unit are processed through the
cycle o0il hydrotreater to produce a low nitrogen, low
sulfur fuel oil in addition to providing an upgraded re-
cycle o0il stream if desired. The unit is comparable to a
conventional gas o0il hydrotreater and needs no further de-

scription here.

SECTION 500 - GUARDCASE HYDROTREATER

EXTRACTACRACKING provides almost "rheostat" capability
for final gasoline and jet fuel product tuning. The capa-
bility for providing this tuning is based on relatively
sensitive, selective catalysts which must be protected from
heteroatom or metals carryover. As a result, a guardcase
hydrotreater has been included to provide this protection,

In this program, the quardcase receives a combhined ex-
traction raffinate with an endpoint correspondinag to the
heaviest fuel required to be treated. Essentially quanti-
tative removal of sulfur and nitrogen are provided to less
than 1 ppm product specification. Additionallv, the unit
truly acts as a guard chamber in that any metals carryover,
particularly arsenic, will be isolated from the further
treating steps.

This unit is a relatively low severity (for synthetic
fuels processing) operation, corresponding to conventional

gas oil hydrotreating operations or possibhly slightly less




severity. Feed provisions and product separation are con-
ventional. Gas and reformer charge streams are produced in
addition to a foul water stream composed primarily of water
from deoxygenation plus wash water injected to the high
pressure flash drum. Hydrogen consumption is moderate and
corresponds rouqhly to the net hydrogen produced in Section

600 or less.

SECTION 600 - FREEZE POINT MODIFICATION

A unique EXTRACTACRACKING feature is the ability to
selectively modify the anticipated high freeze point of
shale-derived turbine fuels. As noted previously, the sat-
urate fraction of crude shale oil routinely is composed of
a high level of normal paraffins which have been shown to
exhibit high freeze point values. To the extent necessary,
these paraffins are either isomerized or dehydrocyclized in
a novel, low severity adaptation of conventional reforming
operations.

A further advantage to the reforming section at this
point is moderate improvement of the cgasoline fraction
octane value., The combined reformate effluent stream is
fractionated into gas, gasoline and heavy reformate
streams. The gasoline, which demonstrates a moderate
octane number, is sent directly to gasoline blending, while

the heavy reformate is further processed in Section 700,
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SECTION 700 - AROMATIC SATURATION

The heavy reformate from Section 600 is hydrogenated
in a very selective manner to any specified aromatic con-
tent. The process has been demonstrated on a commercial
hasis. Relatively low pressures are utilized while spe-~-
cific hydrogen consumption is moderate, depending on final
product requirements, as well as specific operation of pre-
ceeding units. It is a selective operation, using only
that hydrogen directly required for final product input.
Further, compared to the initial crude shale oil streanm,
the net relative consumption is low.

These seven major sections comprise the body of an
integrated EXTRACTACRACKING plant. Separate from the pri-
mary plant itself, however, are offsites reaguired to con-
vert the battery limits plant described above intc a grass
roots efforts., While these offsites are in no way unique
to EXTRACTACRACKING, thev are necessary for overall opera-
tion of the plant. Successful operation of the plant does
not require the specific details presented helow, as long

as the services described are provided.

SECTION 800 - GAS PLANT

The gas plant provided in this program is composed of
several major items, including:
® Saturate” Gas Plant
® Insaturated Gas Plant

® Foul Water Treating

-20~




® Fuel Gas Treating

® ammonia Liquefaction
The saturated gas plant receives gases from all plant sec~
tions except 200 and 300, and produces a fuel gas (Hy~Cj),
LPG, mixed butanes and light gasoline (Cg+) streams. The
unsaturated gas plant receives gas from Section 200 and
produces fuel gas, a propane/propylene stream, a mixed
butane stream and a light gasoline stream. The foul water
treating plant receives foul water from all plant sections,
recovering process water, ammonia (NH3) and hydrogen sul-
fide (HyS). The fuel gas treating plant scrubs hydrogen
sulfide and ammonia from the plant fuel gas and produces a
clean fuel gas stream and a mixed H3S/NH3 stream, which is
routed to Section 900. Finally, the ammonia liquefaction
section provides the capability to produce anhydrous am-

monia in a form most readily handled and/or sold.

SECTION 900 -~ SULFUR RECOVERY

The sulfur recovery section receives a high quality
HoS stream from fuel gas treating and a mixed H2S/NHj3
stream from foul water treating., The unit includes both
Claus and tail-gas clean-up, and is availahle commercially

in many forms.

SECTION 1000 -~ HYDROGEN PLANT

Net hydrogen consumed in the EXTRACTACRACKING process

is produced, in this design, by steam reforming of net fuel
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gas from the gas plant. Fuel gas is also used for plant
fired heaters, resulting in a halanced overall fuel gas
system. The hydrogen plant is a common commercial unit
providing 95 percent purity hydrogen.

A second process option is to provide all or a portion
of the plant hydrogen requirements by partial oxidation of
the nitrogen extract. Promising, higher value outlets for
this stream have been previously defined, but, due to the
limited scope of this study, evaluation of these outlets
has been severely restricted. At present, the assumpzion
must be made that partial oxidation of this stream will be

practiced.

SECTION 1100 ~ TANKAGE

A significant quantity of tankage is required for any
plant of this magnitude. Actual provisions must be made

based on specific site and project regquirements.

-31-
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SECTION III

DESCRIPTION OF WORK

The original statement of work, contained in the ori-
ginal contract documents(3), was followed throughout the
Phase I1 efforts. An overall schematic of the work break- *
down structure is shown in Fiqure III-1, Tasks I and II,
defined in Table III~-1, were laboratory studies to develop
adequate data for evaluation with preliminary computer work
provided for each Task in order to better direct the experi-
mental efforts on an early feedback basis.

Drum quantity samples of shale oil were provided by
the Air Force:; 14 drums of above~ground retorted oil and
96 drums of in situ retorted oil. These drums were stored
in a nearby secure location, under roof, until needed at
the experimental facilities. Since the in situ oil was
provided in quantities adequate for further processing in
Phase III, and since Phases II and III were designed to
overlap, expedited processing was provided for the in situ

material.

TASK 1
Task I was composed of oil characterization, defini-
tion of catalytic processing response and definition of che-~

mical processing response. The majority of work required

and effort expended was in the area of catalytic processing

response,
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TABLE i1

Military Jet Fuel From Shale Oil
Phase |l
Task Definition

Task|. Evaluate Process Variables

Task Il. Produce 500 Milliliter Fuel Samples
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Characterization of each oil was provided by selection
of an individual drum, mixing well, and withdrawing a five-
gallon sample. This sample was then fractionated into
pseudocomponents to 600°F (atmospheric equivalent) on a
one-inch Podbielniak packed column. The 600°F+ product was
further fractionated into crude pseudocomponents under high
vacuum on a Hempel apparatus. Each pseudocomponent was
then analyzed for pertinent properties.

Definition of catalytic process response, as noted
above, comprised the majority of the Task I effort. Pro-
cessing studies were provided for the crude shale hydro-
treater, FCC, cycle 0il hydrotreater, quardcase, reformer
and aromatic saturation,

The crude shale hydrotreater received a large amount
of attention, both since this unit in most conventional
processes defines hydrogen consumption and cost, as well as
since all samples for further processing are defined by
this step. TInitial parameter variation studies of short
duration were provided to screen temperature, pressure,
space velocity and catalyst response factors. Results from
these studies were followed by longer (nominal 5 days)
duration tests for confirmation of this data on a lined-out
basis. Finally, indicated process severity requirements
were evaluated on longer duration (nominal 30 days) cata-
lyst stability evaluations. This full data set provides a

maximum quantity of data in a rapid, cost effective manner




while providing stabilized, longer term data for verifica-
tion of short term results., Parameters evaluated are shown
in Table III-2,

FCC studies were provided on both micro-scale MAT
(microactivity test) units and continuous circulating (FCR)
equipment. A large number of pertinent samples from the
parameter variation and five-day hydrotreating tests were
processed on the MAT unit to provide a wide range of re-
sponse data, while samples from S5-day and 30-day hydro-
treating tests were procegssed on the FCR. Temperature,
catalyst-to-oil ratio, weight hourly space velocity, and
feedstock initial boiling point (IBP) were evaluated on
these units, as shown in Table III-3, in addition to the
feedstock variability factor defined by the differing
source hydrotreating efforts. Recycle streams, in addition
to fresh feeds, were evaluated.

The guardcase hydrotreater was operated on seven ex-
traction raffinate samples. 1In each case, a minor amcunt
of parameter variation was practiced in order to define
minimum required process severity. A short (12 day) cata-
lyst aging study was also provided for raffinate from each
oil. Samples of guardcase product were fractionated into
pertinent turbine fuel boiling ranges, and the resulting
crude fuel evaluated. Comparison of these properties with

turbine fuel specifications was then made to define further
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TABLE III-2

! MAJOR PARAMETERS EXAMINED FOR THE

CRUDE SHALE HYDROTREATER

TEMPERATURE

PRESSURE

LIQUID HOURLY SPACE VELOCITY
CATALYST TYPE

FEEDSTOCK TYPE

CATALYST AGING

e

-

TABLE III-3

MAJOR PARAMETERS EXAMINED DURING THE

FLUID CATALYTIC CRACKING STUDIES

= UNIT PARAMETERS FEEDSTOCK PARAMETERS
4 TEMPERATURE HYDROTREATER CATALYST TYPE
) CATALYST TO OIL RATIO HYDROTREATER SEVERITY
WEIGHT HOURLY SPACE VELOCITY BASIC NITROGEN CONTENT
UNIT SIZE (SCALE-UP) BOILING RANGE

FEEDSTOCK SOURCE OIL

RECYCLE




T e a————
3

P

processing requirements. Pseudocomponent fractionation and
evaluation was also provided in an attempt to define com-
ponent contributions to the overall crude fuel properties.

Since reformer screening was scheduled for late in the
Phase I1 program, due to the necessity of fully processing
samples to that point, a preliminary screening study bhased
on a normal paraffin-doped petroleum turbine fuel was per-
formed early in the program. Results from this screening
study were used to define conditions for actual sample pro-
cessing. Five actual shale samples were processed at esti-
mated required conditions and two samples processed under
accelerated aging conditions to examine potential catalyst
deactivation rates.

The aromatic saturation studies were performed on the
aforementioned reformer samples, including the normal pa-
raffin simulated samples. No aging estimation was made for
this unit due to the high quality of the feed and the simi-~
larity to conventional processing.

Finally, bottoms product from fluid cracking was pro-
cessed for recycle., Parameters of feedstock, boiling
range, source, temperature and pressure were examined.

All hydrotreating, reformina and aromatic saturation
described above were accomplished on 1" nominal trickle
flow isothermal laboratory units using once-through hydro-
gen and off-line stripping. Details of all experimental
operations are contained in Volume II (in situ oil) and

Volume III (above-ground o0il) of this report.
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The final element of Task I was definition of chemical
process response during extraction., Early in the program,
a batch study was performed to evaluate solvent ratios and
composition. These results were then used to define re-~
quired conditions for continuous countercurrent extraction
operations. In addition to the above parameters, the con-
tinuous extraction experiments evaluated feedstock, tem-
perature and source production parameters. Details are

presented in Volumes II and III.

TASK II

Due to relatively severe time constraints on a
sequential~product study such as this, the required labora-
tory samples were prepared concurrent with Task I data gen-
eration, and in particular during aging runs where appro-
priate. Since there is a process option of operating
either blocked-out or with concurrent production of all
fuels, samples were prepared in both manners for final

selection after data acquisition was complete,

COMPUTFR MODELING

As early as possible, data were inserted into the com-
puter model initially prepared during Phase I and used for
program direction. Due to time considerations, this ini-
tial optimization waz utilized to define both hydrotreater

aging work, as well as recommended Phase III operations.




When all data was in hand, the model was again used with
this more complete data set for evaluating two case studies
for each oil. Apparent optimum performance and conditions

were defined from these results.
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SECTION IV

EXPERIMENTAL RESULTS - TASK I

Experimentation was provided under this work area to
provide a very wide range of data for eventual computer
evaluation. Fach portion of work is described below, and
detailed data are available in Volumes II and IXI of this

report.

1, Crude Shale 0il Evaluation. Both the in situ and

above-ground oils were evaluated as-~is and in nominal 100°F
pseudocomponents. Table IV~-1 presents a comparison of each
o0il with analogous data for a conventional and an incremen-
tal petroleum crude oil.

Both shale oil stocks present lower gravities, and in
particular, much lower naphtha content than the conven-
tional petroleum oil. Interestingly enough, the shale
materials contain significantly lower sulfur contents, but
nitrogen and oxygen levels are several orders of magnitude
higher than those found in petroleum, The C/H weight ratio
for the in situ oil is 7.3 and the above-ground oil 7.4,
which represent relatively high levels of hydrogen content
considering both the heteroatom levels and lack of the
light (naphtha) fraction. Phenol contents of the shale
oils are high compared to the petroleum material, bhut low
relative to other synthetic stocks, and in particular,

relative to c¢oal liquids.
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TABLE IV-1

CRUDE OIL COMPARISON

ITEN ARABIAN IN SITU ABOVE-GROUND MEXTCAN
LIGHT SHALE OIL SHALE OIL MAYA
GRAVITY, CAPI 33.3 23.6 20.9 22.2
| K FACTOR 1.9 11.6 11.4 11.6
SULFUR, WT % 1.8 0.53 0.63 3.4
NITROGEN, WT % - 1.42 1.85 (>0,31)
BASIC NITROGEN, WT 2 (~0.007) 0.86 1.48 (>0.01)
OXYGEN, WT % - 1.21 1.04 -
POUR POINT, OF <-20 65 70 <-20
VIS @ 100°F, SUS 46.3 162 205 326
DISSOLVED HoS, PPM TR 27 33 14
ORGANIC CHLORIDE, PPM 7.7 4 13 2]
BS ¢ W, VOL % TR 0.1 R C.15
SALT, #/1000 BBL 0 2.47 1,98 12.4
r CARBON RESIDUE, WT % - 1.22 1.62 10.2
g TOTAL METALS, PPM (13) 68 106 ( 340)
ACID NUMBER - 1.36 1.90 0.24
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As reported previously, both by Ashland and others,
trace element inclusions are commonly high in shale oils.
Iron and nickel, in particular, are commonly encountered as
shown. The major metallic contaminant, however, is arsenic,
ranging 20 to 40 ppm for these samples. Common occurrence
of arsenic in petroleum is in the ppb range or less, and
even at those levels can be troublesome, These levels of
metallic inclusions have major negative implications to
operation of the crude shale oil hydrotreater.

Other contaminants are organic chlorides, dissolved
HyS, BS&W and salt. The levels of these contaminants shown
should not be of major negative impact on these materials.

Maleic anhydride value, which is primarily a measure
of conjugated diolefins, is high for the shale feedstock.
These high values indicace that furnace and heat exchange
coking will probably be a problem in the crude shale oil
hydrotreater.

Finally, handling properties of the shale oil feed-
stocks are markedly different from most (though not all)
petroleum stocks. High viscosities, and 11 particular high

pour points, dictate that special handling facilities be

. provided at the refinery. These special facilities are
primarily heated tankage and insulated piping. While this
does require extra attention by the refiner, it poses no
special problem other than recognition of this property of

} the material.
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The key elements delineated above are the increased
nitrogen and oxygen contents, and much higher levels of
iron and arsenic contaminants, than refiners have been ac-
3 customed to handling to date. However, it should be noted .
; that increasing proportional dependence on such crude
stocks as Mexican Maya, Venezuelan Heavy and Arabian Heavy
are bringing the overall refining feedstock picture closer
H to the shale oil properties delineated ahove.
The final major property element of major concern to

the refiner when processing shale oil is the boiling range

distribution of this material as shown in Fiqure IV-1,
Classic refinery feedstocks produce 10 to 30 volume percent
or more of the total crude oil as naphtha (less than about
400°F atmospheric TBP). These shale feedstocks demonstrate
5 volume percent or less of the same fraction. There are
advantages to the shale oils in this area, however, as in

general there is less residuum (1025°F+) for shale oils and

in specific essentially no residuum for the in situ mate-
rial. The residuum frac:ion is of relatively low value (in
general less than the cost of the crude 1i1tself) and nor-
mally very difficult and/or expensive to process. Further,
the relatively heavy, new petroleum crudes now becoming
available (referred to abhove) also are showing much lower
naphtha vields, similar to that encountered with the shale
oils. Of primary importance, however, is that these crudes
are also increasing in residuum content, and as such may

actually be poorer refinery feedstocks than shale oils.

-44-
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The final relative value of each material, however, is
strictly refinery and, in particular, equipment and market
dependent.

In conclusion, these shale oil feedstocks do, in fact,

present the refining problems postulated a priori:

® Heteroatom content, particularly oxygen and nitrogen
® Arsenic and metallic contaminants

® High normal paraffin content (low fluidity)

High conjugated diolefin levels

Boiling range distribution significantly different

from present refinery feedstocks

There are two key relative evaluations of these materials
necessary in light of these properties. First, the refiner
must evaluate these feedstocks in terms of his historical
refinery runs. 1In that light, shale oils are poor competi-
tior. with the conventional petroleum materials and, in all
probability, require additional capital investment to
existing refineries. However, a second aspect must be con-
sidered as well, which may be of even more significance.
Present crude oil supplies are limited, and in many cases
incremental refinery feedstocks are limited to the heavier
crude grades. Often these crudes are comparable and some-
times even inferior to the shale oil feedstocks. There-
fore, on an incremental feedstocks basis, these shale oils
may even be conpetitive with present poorer grades of pe-

troleum crude oils,

-46-
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Finally, attainment of significant throughputs of
either shale oils or incremental petroleum stocks, while
producing conventional product slates, will require addi-
tional capital investment to most, if not all, existing
refineries. While this program addresses essentially new
refinery construction, the process developed herein is
adaptable as well to existing sour crude refineries at re-
latively modest investment. In fact, under optimum pro-
cessing conditions when using the EXTRACTACRACKING process
in a modified existing refinery, there are (as yet unpro-
ven) indicators that these shale oils could be more profit-
able to process than the heavy incremental petroleum feed-
stocks discussed above. An example of potential existing
refinery modifications to use shale oil via EXTRACTACRACK-

ING is shown in Figure IV-2,

2. Crude Shale 0il Hydrotreating. Crude shale oil

hydrotreating is a key element in the EXTRACTACRACKING pro-
cess, but in a different marner from most previous work in
this field. The great majority of previous experimental
work on hydrotreatment of crude shale oil has been centered
on high severity upgrading to petroleum guality. In parti-
cular, hydrotreating at those severities produces a mate-
rial probably superior to most crude oils, in particular
for fluid catalytic cracking work. The present definitive

work in this area was accomplished by Chevron(3), while
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processing Paraho 0il, with other studies by Exxon{l) for
both in situ and above-ground oils also pertinent to these
results.

A key factor in evaluatingbthe EXTRACTACRACKING re-
sults, to be kept in mind when comparing these results
to those of other studies, is that the catalysts used in
these studies were selected for their low severity activ-
ity. There are other catalysts available which will show
improved results under higher severity operations.

In particular, the severities desired for use in this
module cbrrespond to present commercial vacuum gas oil
technology or lower. If successful, limitation of the op-
erating severity to this level has the advantages of: (1)
being commercially proven, (2) being compatible with refin-
ing operations presently available and (3) being a least-
cost option, both in operating and capital terms. A key
element to remember is that, due to throughput and other

factors, total hydrogen consumption is defined for all

practical purpocses in this plant section.

As noted previously, three study sets were provided
for each oil: parameter variation, during which operating
conditions andcatalysts were evaluated; 5-day studies, in
which two catalyste were evaluated for stability; and aging
sgudies for a selected.catalyst. In this section the res-
ponse of each 0il will be discussed separately and then
compared. An overview of objectives and key features for

this module is shown '‘n Tahle 1IV-2.




TABLE V-2

CRUDE SHALE OIL HYDROTREATER

Objectives:

Key Element

Parameters Evaluated:

Unique Features:

Pravide olefin saturation, metals
removal, and desulfurization at
minimum denitrogenation,
hydraogen consumption, and
operating severity

Hydrogen consumption

o Operating severity
o Catalyst type
e Shale oil type

® Low pressure operation
¢ Operating parameters

corresponding to present
commercial practice
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IN SITU OIL

A total of 72 data points were derived under the pa-
rameter variation studies on in situ oil, Details of these
data are presented in Volume II, with only the highlights
discussed here.

The key element of interest in the crude shale o0il
hydrotreater is hydrogen consumption and, in particular,
the efficiency of hydrogen consumption. As expected, at
the milder conditions evaluated, total hydrogen consumption
increased rapidly with increasing system (and therefore
hydrogen) pressure. Figure IV-3 demonstrates these trends.
There are two schools of thought regarding this function-
ality. First, typified by previous work, the increased
hydrogen consumption is viewed as beneficial. This analy-
sis is, in fact, probably true for conventional types of
processing. However, the second school of thought, which
we are developing herein, focuses on a different aspect.

We wish to minimize total hydrogen consumption at this
stage of the process, while producing a feedstock of mini-
mum acceptable quality to'the downstream modules. Thus, at
least conceptually, the conventional types of refining
would be located in the upper right-hand corner of this
plot, and new types of processes such as EXTRACTACRACKING
in the lower left-hand region.

Figure IV-4 expands this point further. For conven-
tional processing, high temperatures (700°F or greater) are

required to reduce nitrogen content to relatively low

-5]1-
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levels., This higher temperature also implies at least some
degree of hydrocracking activity in the unit, leading di-
rectly to the plot in Figure IV-4. For all pressures, the
efficiency of hydrogen utilization (expressed as percent of
; total consumption, representing an increase in hydrogen
| content of the liquid) decreases with increasing tempera-
ture. Of even more importance, as the reaction temperature
approaches 700°F, the degree of hydrocracking increases
rapidly, causing a marked decrease in utilization effici-
ency when operating at 2000 psig. Further, while opera-~
tions at 1000 psig show the same general trend, the de-
crease in efficiency as temperature increases is not as

great. The high efficiencies realized at 600°F under all

pressures are intriqguing in particular, although actual
plant requirements may not allow operations at this low
temperature., There may be definite advantages to opera-
tions at the highest pressure and lowest temperature, al-
though the rapid increase in capital cost and operating
problems at those conditions prevent simple analysis of
this operation. This alternative, however, will be consid-
ered during Phase IV,

The final key operating condition for this unit is
space velocity (alternatively throughput or residence .
time). Selected data are plotted in Figure IV-5, again
against hydrogen utilization efficiency. There is a mod-

erate scatter of the data, but in particular, the range of
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efficiency tends to decrease with increasing space velo-
city, and the overall trend is to increase efficiency with
increasing space velocity. This result is reasonable in
plant experience terms, as the resulting decrease in resi-
dence time should decrease the by-product gas production
reactions as shown. Providing increased throughput for
efficiency considerations also has a further advantage in
reducing the required size, and therefore capital cost, of
the unit, (The high hydrogen utilization efficiency at low
temperature and high pressure is again demonstrated in this
graph. )

Overall, with the objective of minimizing total hydro-
gen consumption while maximizing utilization efficiency,
the data indicate that low temperature, high space velocity
regions are favored. The ccmplex pressure functionality is
somewhat indeterminate, although there may be advantages to
the higher pressures at the lowest (<650°F) temperature
ranges., Subjectively, the moderate pressure region appears
to be favored at intermediate (650~700°F) temperatures,

Both cobalt molybdate and nickel molybdate catalysts
in general show aqreeing trends, although there is somewhat
more scatter to the data for the nickel molybdate catalyst.
Further, the 650°F data at all pressures seem to be anomo-
lous; whether this is in fact true or is some unexplained

phenomena occurring is unclear at present. At a given

(comparable) set of conditions, hydrogen consumption tends
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to be higher for the nickel molybdate catalyst than the
cobalt molybdate (Fiqure IV-3). Hydrogen utilization effi-
ciency appears to be comparable in terms of temperature
functionality, while the scatter in terms of space velocity
relationships for the nickel molybdate data prevents a
rational comparison. Overall, the cobalt molybdate cata-
lyst appears to be favored on a hydrogen consumption basis
due to comparable utilization efficiencies and lower total
hydrogen consumption.

Of key interest in many studies is the degree and/or
relative rate of heteroatom removal. While of secondary
interest here, the relationships between heteroatom removal
and required operating severity are important for further
processing modules. Both desulfurization and denitrogena-

tion were fitted by second order kinetic expressions of the

form:
1l _ 1 = Ko EXP (. _E ) PA/(LHSV)
C Co ( RT)
Where C = heteroatom concentration (wt %) in the liquid
Co = heteroatom concentration in the feed
Ko = rate constant
~»’ E = activation energy
‘
R = gas constant, 1.987 Btu/lb-mole. °R
T = temperature (°R)
P = pressure (psia)
A = pressure exponent, a constant
LHSV = liquid hourly space velocity




The desulfurization data show several distinct trends.
First, there is a distinct positive effect of pressure for
the range 500 to 1000 psig for both catalysts, but no signi-
ficant pressure factor for the 1000 to 2000 psig range. The
zero pressure exponent is consistent with theoretical desul-~
furization mechanisms, while the low pressure exponents are
probably due to mass transfer limitations in that system.,
Rased on the zero pressure exponent analysis, the nickel
molyhdate catalyst presents the highest desulfurization
rates of the two catalyst systems, Based on these models,
the cobalt molybdate provides a 0.82 relative activity
(based on nickel molybdate = 1.0) at 650°F. For desulfuri-
zation equivalent to the cobalt molybdate results at 650°F,
the nickel molybdate catalyst temperature requirement is
640°F or a 10°F advantage at 1000 psig and 2 LHSV. However,
at these conditions the cobalt molybdate system requires
approximately 100 SCFB less hydrogen. Figure IV-6 presents
a comparison of these data.

For denitrogenation, pressure exponents for both cata-
lysts were non-zero and positive. This, again, is in agree-
ment with theoretical considerations. For both catalysts,
there is again an increased pressure dependence in the 500
to 1000 psig range, probahly due to the aforementioned mass
transfer limitations. The nickel molybdate catalyst results

have a much lower apparent pressure dependence than the

cobalt molydate, which is somewhat surprising. The Co/Mo

results are second order in pressure, while the Ni/Mo data
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are essentially first order. Further, there was less total

response difference between the S00 to 1000 and 1000 to 2000
psig nickel molybdate data. .

As with the sulfur model, the nitrogen data show the
nickel molybdate to have both a higher activation enerqgy, as
well as rate constant, with the overall rate for the tem~
perature range of interest, again higher for the Ni/Mo cata-
lyst (Fiqure IV-7) at all conditions except the 600-675°F
range at 2000 psig. For the denitrogenation obtained over
cobalt molybdate at 650°F, 1000 psig and 2 LHSV, a tempera-

ture of 620°F would be required at equivalent pressure and

space velocity over the nickel molybdate catalyst. Relative
activity of the Co/Mo catalyst is 51 percent at 650°F and
1000 psig, but 112 percent at 650°F and 2000 psiq.

Overall, in terms of heteroatom removal, the nickel
molybdate catalyst is favored. At conditions of 1000 psig
and 2 LHSV, this catalyst presents 10°F and 30°F tempera-
ture advantages for desulfurization and denitrogenation,
respectively, over the cobalt molybdate at 650°F., Even at
these comparable conditions, however, the niékel molybdate
provides a slightly higher hydrogen consumption, probably
due to the increased aromatic saturation activity of this
catalyst,

The final key element of this analysis for present
purposes is the relationship of product/feedstock basic
versus total nitrogen. Due to the nature of this process,

high ratios of basic to total nitrogen are (predicted to

~60~
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be) desirable in the -600°F distillate, while the opposite
is true for the gqas oil (+600°F) stream. 1In general, as

shown in Figqures IV-8, the ratio:

basiec nitrogen : total nitrogen/product - basic

nitrogen : total nitrogen/feed

tends to reach a maximum in the region of 650°F for essen~
tially all test data available, Further, the maximum ratio
attained for the distillate (400 to 600°F) fraction, which
is of primary importance, appears to decrease with increas-
ing pressure. And finally, the maximum ratio attained by
the cobalt molybdate distillate product appears to be
greater than that produced by the nickel molybdate mate-
rial. These data have not been completely evaluated, and
in some cases are not definitive, but overall consideration
of the resulting basic : total nitrogen ratio seems to
indicate that the cobalt molybdate catalyst produces a
higher level of bésic nitrogen relative to total nitrogen
than the nickel molybdate catalyst.

In order to examine initial stabilized catalyst acti~-
vity, single condition, nominal 100 hour runs, were provi-
ded for both these catalysts with in situ oil. As shown in
Figures IV-9 and 1IV-10, and in Volume II, a total of 70
hours was required to reach apparent catalyst equilibrium.
The dashed lines show predicted start-of-run heteroatom
removal levels based. on the parameter screening data. For

both runs, adequate agreement on lined-out desulfurization
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is attained, but denitrogenation activity is understated
significantly in both cases. There is no good explanation
for this phenomenon, other than the aforementioned extensive
lineout time required for apparent catalyst equilibration.

Based on these results, there appears to be only a
small degree of difference between the two catalysts at
mild conditions. Based on target objectives of minimal
hydrogen consumption, maximized hydrogen utilization effi-
ciency, minimum denitrogenation and maximum basic nitrogen:
total nitrogen ratios in the distillate, the cobalt molyb-
date catalyst was selected for evaluation of initial cata-
lyst stability parameters. Preliminary process evaluation
at this time also indicated that slightly higher severity
was desirable in this hydrotreater when using cobalt moly-
bdate catalyst.

Conditions for this catalyst stability run are shown
in Figure IV-1l as a function of time on stream. Tempera-
ture control during the run was good, but, due to several
pump and guardbhed problems, both pressure and flow control
were somewhat erratic.

Overall, results from the run were reasonahly stable
{Figure IV-1l1l & 12). Hydrogen consumption appeared to sta-
bilize in the 600 to 700 SCFB range after about period 7
(160 hours on stream), except for periods 21 to 24 where op-
erating problems caused highly fluctuating results.

Sulfur data were both erratic and disappointing. Ana-

lyses of these data after completion of the run indicated
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poor HyS removal in the stripping operation. Examination
of the fractionated product results (see Volume II) con-
firmed this problem, with actual sulfur levels in the 0.12
to 0.14 weight percent range, The parameter variation data
predicted a product sulfur of 0.12 weight percent for ex-
cellent agreement with éhe fractionated results.

Nitrogen results presented a fairly large degree of
scatter, but in general demonstrated a good degree of sta-
bility. Linear fit of these data denote essentially zero
loss of denitrogenation activity after 28 days on stream,
Start-of~-run product nitrogen level of 1,22 weight percent
{obtained by zero ordinate evaluation from the linear fit
above) was slightly higher than predicted by the parameter
variation model (1.16), but basically in agreement.

Product basic nitrogen presented a very consistent
increase, from a (calculated) 0.80 level initially (time =
0) to 0.88 at day 30, In combination with the (calculated)
stable product nitrogen level, this trend indicates that,
as this catalyst ages, the relative ratio of basic nitrogen
compounds in the product liquid increases.

Overall, these results demonstrate that commercially

acceptable run lengths (greater than 6 months, and probably
greater than 1 year) can be achieved under these condi-
tions, Further, the aged catalyst may well produce better
relative basic nitrogen results chan the fresh catalyst

charge.
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ABOVE-GROUND OIL

Eighteen parameter variation data points were evalu-
ated for the above-ground oil. Details of these studies
are presented in Volume III of this report.

Detailed hydrogen distribution response was not devel-
oped for this material due to the limited number of data
points, but, in general, the trends developed for the in
situ oil hold for the above~ground as well. Relatively
high hydrogen consumptions were encountered during all
runs,

As shown in Figure IV-13, desulfurization was high for
all conditions and catalysts evaluated. As expected, how-
ever, the cobalt